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tibia in lexion (squat 33–111°, p < 0.05), an elevated (squat 
43–111°, p < 0.05) and more anterior (passive 61–126°, 
p < 0.05) located medial femoral condyle and a lateral 
femoral condyle located more posterior and inferior (squat 
73–111°, p < 0.05) than in the neutrally aligned TKA. Exter-
nal component malrotation caused only little changes under 
passive motion. Under a squat there was less internal rota-
tion and more adduction to the tibia (33–111°, p < 0.05). The 
medial femoral condyle was moved more posterior (squat 
59–97°, p < 0.05), the lateral femoral condyle more superior 
(squat 54–105°, p < 0.05) than in the neutrally aligned TKA.
Conclusion The greatest diferences to the native tibiofem-
oral kinematics were introduced by internal rotation of the 
femoral component. Also neutrally and externally rotated 
femoral components introduce kinematic changes, but to 
a lesser extent. With respect to the alterations introduced 
to kinematics internal malrotation should be avoided when 
performing PS TKA.
Keywords Total knee arthroplasty · Component 
malrotation · Kinematics · Biomechanics
Introduction
Femoral component malrotation in total knee arthroplasty 
(TKA) is clinically proven to cause dissatisfaction and 
impaired function and is most likely an underreported entity 
[24]. It has been shown that rotational component alignment 
is important for patellar tracking [5] and that malrotation 
causes elevated patellofemoral contact pressures [29] which 
may lead to accelerated and excessive wear of the patellar 
button [28]. Internally rotated components are correlated 
with clinical complaints such as synovitisand pain [3, 22], 
postoperative knee stifness [4] and are accountable for a 
Abstract 
Purpose Femoral component malrotation in total knee 
arthroplasty (TKA) is clinically proven to cause dissatis-
faction and impaired function. This study is an attempt to 
characterize the tibiofemoral kinematics following femoral 
malrotation in posterior stabilized (PS) TKA. It was hypoth-
esized that internal malrotation would introduce the most 
pronounced changes.
Methods Six fresh-frozen cadaver specimens were 
mounted in a kinematic rig. Three motion patterns were 
applied with the native knee and following PS TKA (passive 
motion, open chain extension, and squatting) while infra-
red cameras recorded the trajectories of markers attached 
to femur and tibia. Three diferent femoral implants were 
tested: a conventional posterior stabilized component, and 
adapted components of the same implant with 5° of intrinsic 
external and internal rotation, respectively.
Results The implantation of the PS TKA resulted in less 
tibial internal rotation (squat 33–70°, p < 0.05) and the 
medial femoral condyle shifted posteriorly especially in 
deep lexion (squat 84–111°, p < 0.05). Internal component 
malrotation caused internal rotation and abduction of the 
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signiicant number of revision TKA [8]. It was reported that 
revision surgery for malrotation is beneicial with regard to 
clinical and functional outcome [25].
Biomechanical data from cadaver testing on implications 
of malrotation of TKA components focused on tibiofemo-
ral kinematics are scarce. The reasons for this are twofold: 
cadaver testing in itself is already complex, the installation 
of a controlled component malrotation model is even more 
challenging.
The group of Whiteside et al. reported on the efects of 
TKA component malrotation in a passive cadaver model in 
the early nineties. These studies added substantially to the 
understanding of malrotation efects on patellar tracking and 
knee stability [1, 23]. In a more recent approach, Merican 
et al. reported on tibiofemoral kinematics related to femoral 
component malrotation in a cadaver setup using a cruciate 
retaining (CR) TKA design (Genesis II, Smith & Nephew, 
Memphis, TN, USA) during active extension motion [21].
More studies looked into other aspects of biomechanics 
in dependence of component malrotation. Kessler et al. [16] 
showed with a laser-based technology that tibial cortex strain 
is very sensitive to tibio-femoral component malrotation. 
Insall et al. reported that femoral component lift-of from the 
underlying polyethylene in a deep knee bend during luoros-
copy was correlated with malrotation [15].
There are also a number of in silico approaches to inves-
tigate the impact of femoral component malrotation. In their 
computer model, Kuriyama et al. reported that internal rota-
tion of the tibial component increased the MCL and LCL 
forces progressively [18]. Chen et al. found that internal 
malrotation of femoral TKA components leads to elevated 
peak contact forces on the medial compartment [6]. Thomp-
son et al. found that femoral rotation had a greater efect on 
quadriceps forces, collateral ligament forces, and varus/val-
gus kinematics, while tibial malrotation had a greater efect 
on anteroposterior translations during a simulated squat [27]. 
Kessler et al. reported in their comparison between mobile 
and ixed bearing TKA with rotational malalignment [17].
This study is an attempt to characterize the poorly under-
stood knee biomechanics with focus on tibiofemoral kin-
ematics following malrotation of the femoral component in 
PS TKA. The purpose was to describe the kinematics of 
a neutrally aligned posterior stabilized TKA. Second, the 
impact of malrotation was examined. It was hypothesized 
that internal malrotation of the femoral component would 
introduce the most pronounced changes to tibiofemoral 
kinematics.
Materials and methods
Six left fresh frozen human legs (mean age 82.8 ± 1.8 years, 
all male) were disarticulated at the level of the hip. They all 
had functional ligaments and showed no major deformities 
of the bones. The experiments were performed according to 
a previously validated methodology and main features of the 
methodology are described hereafter [11, 12, 31]:
It was shown that this technique is suiciently accurate 
and precise to detect diferences in translations (and lengths) 
and rotations of less than 2 mm and 2°, respectively [31]. 
Three frames with four spherical infrared relective markers 
were rigidly attached to tibia, femur and patella. Computed 
tomography scans with a slice thickness of 1.25 mm were 
made of the frozen specimens. For surface reconstruction 
and identiication of osseous landmarks, Mimics 13.1 soft-
ware and its medCAD module interface (Materialise, Haas-
rode, Leuven, Belgium) were used.
At the day of testing, the thawed knees were transected 
32 cm proximally and 28 cm distally to the knee joint. Soft 
tissues were removed preserving the articular capsule, liga-
ments, and tendons. Femur and tibia were properly aligned 
and embedded in containers with polymethylmethacrylate 
(PMMA). The medial and lateral hamstrings tendons were 
prepared for attachment to constant load springs (50 N each). 
The quadriceps tendon was prepared to be clamped to a 
motor. The knees were mounted in a kinematic rig serving 
as a dynamic knee simulator system.
The specimens were subjected to three motion patterns: 
passive flexion–extension cycles, an open chain exten-
sion with 3 kg of load hung to the distal tibia, and a squat 
between 30° and 100° of lexion with a constant vertical 
ankle force of 136 N. This load is obviously lower than what 
would be seen during in vivo squatting. However, a vertical 
ankle force of this magnitude leads to physiological quadri-
ceps load levels [20] of up to 1000 N in deepest lexion. 
The reason is that the quadriceps muscle, in this in vitro 
setup, is the only muscle which extends the knee, while other 
muscles (ankle and hip extensors) contribute to counteract 
gravity during squatting in vivo. Using the described setup, 
the efect of diferent magnitudes of vertical ankle forces was 
investigated in the past. It was shown that this did not afect 
tibio-femoral kinematics drastically [31].
Six MX40+ infrared cameras (Vicon Motion Systems, 
Oxford, UK) continuously recorded the trajectories of the 
markers attached to the tibia, femur, and patella during all 
activities. The measured marker trajectories were processed 
in Nexus (Nexus 1.4, Vicon Motion Systems, Oxford, UK) 
using a speciically designed data processing pipeline to 
reconstruct and label the trajectories and ill gaps in the data. 
Trajectories were iltered using a Woltring iltering routine 
and the data were exported as C3D iles for further process-
ing in Matlab (R2010b, The MathWorks, Natick, MA, USA).
Based on the CT, 3D models of tibia and femur were 
made and bony landmarks identiied to determine coordinate 
frames for the bones. The marker trajectories were trans-
formed to anatomical meaningful rotations and translations 
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as proposed by Grood and Suntay [10]. Tibial axial rota-
tion, tibia position in the coronal plane (varus–valgus), and 
translations of the femoral condyle centers in anteroposterior 
(AP), mediolateral (ML) and superior–inferior (SI) direction 
were obtained as a function of lexion angle.
After testing the native knee, a posterior stabilized (PS) 
TKA was performed and the same tests were redone. Each 
specimen received a Legion TKA (Smith & Nephew, Mem-
phis, TN, USA) using matched cutting jigs for both tibia and 
femur that had been produced individually for each cadaver 
knee following an MRI-based well-established protocol 
(Visionaire, Smith & Nephew, Memphis, TN, USA). This 
was done to assure optimal femoral component alignment as 
these speciic jigs have been shown to reliably restore neutral 
femoral alignment [13, 14]. Pretesting MRIs and full leg 
radiographs were sent to the manufacturer, where they were 
processed to perform virtual bone cuts and implantation of 
optimally aligned femoral and tibial components. These 
eforts aimed at achieving neutral mechanical alignment 
and neutral rotation of the femoral bone cuts with respect to 
the femoral epicondylar line. This planning was sent back to 
the surgeon, who corrected it if necessary and ofered inal 
approval prior to the cutting jigs going into production. The 
individualized cutting jigs were manufactured using laser-
sintering technology and were then shipped to the testing 
lab.
The femoral components with built-in 5° internal and 
external malrotation (Fig. 1) were designed in Siemens NX 
6 software (Siemens PLM, Plano, Texas, USA) based on the 
CAD models of the standard femoral components provided 
by the manufacturer. The articular surface geometry was 
retained and a 5° internally or externally rotated bone con-
tacting surface was created by rotating the original bone con-
tacting surface around the central proximo-distal component 
axis. This procedure ensures that the center of the femoral 
component does not move with respect to its standard posi-
tion and thus no translations of the malrotated component 
compared to the neutrally aligned component will occur in 
medio-lateral or anteroposterior direction. It also allowed 
implantation of the malrotated femoral components without 
changing any bone cuts in the femur. The designed compo-
nents with built-in malrotation were then laser sintered from 
CoCr metal powder. The articular surface was polished.
The knees were operated on using a medial parapatellar 
approach using a modular metal-backed tibia with a con-
ventional polyethylene (PE) inlay and a conventional femo-
ral component. Bone cuts were made aiming for a perfectly 
balanced joint with a 9-mm polyethylene (PE) inlay as sub-
jectively judged by the operating surgeon. Once all meas-
urements were done, the femoral component was removed 
and replaced by the custom-made components with 5° of 
intrinsic external rotation followed by a component with 5° 
of intrinsic internal rotation. Test cycles were repeated with 
those custom-made components sequentially in randomized 
order.
To allow direct comparison between specimens, all 
motion patterns were resampled at intervals of 1° of lexion 
and within the covered range of knee lexion for all knee 
specimens. Each motor task had its own range of motion 
for practical reasons. While the full lexion range was eas-
ily covered by the passive lexion–extension motion, this 
was not possible for the open chain extension, which was 
Fig. 1  Distal and proximal 
views from the left femoral 
components used in this study. 
The conventional Legion PS is 
located in the middle and can 
easily be identiied as the pos-
terior condyles are symmetric 
and of equal thickness. The 
custom-made component with 
intrinsic 5° of internal rotation 
is located on the right, external 
malrotation on the left
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performed with the femur in horizontal position while the 
tibia was hanging downwards, and squatting, which was 
limited to about 100° of lexion to avoid large quadricep 
loads in deep lexion for some specimens. The test protocol 
was reviewed and ethically approved by the provider of the 
specimens (Science Care, Phoenix, AZ, USA).
Statistical analysis
From previous experiments with the same setup, we know 
that kinematic differences in matched knee pairs are 
normally distributed with standard deviations of 1.2 mm 
and 1.6°. A sample size calculation was done based on this 
knowledge. It demonstrated that six specimens are suicient 
to detect statistically signiicant kinematic diferences of 
1.7 mm or 2.4° with a power of 0.8. The Type I error prob-
ability associated with this test is 0.05. Average values and 
standard deviations for the above kinematic parameters were 
calculated for each test. The kinematic studies as presented 
here deliver continuous curves of data measured over a 
deined range of lexion or extension of the knee as given in 
Figs. 2, 3 and 4. Analysis of mean curves of diferent testing 
Fig. 2  Average external rota-
tion of the tibia as a function of 
lexion during squatting before 
and after Legion PS TKA. 
Regions of non-signiicant dif-
ferences are shown with dashed 
lines, while solid lines indicate 
signiicant diferences from the 
reference situation. For TKA 
with neutral femoral compo-
nent rotation, the reference is 
the native knee. For TKA with 
malrotated femoral components, 
the reference is the neutrally 
aligned TKA
Fig. 3  Average tibial adduction 
as a function of lexion dur-
ing squatting before and after 
Legion PS TKA
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states was done with an approach as described by Duhamel 
et al. [9]. For the mean of a lexion curve conidence inter-
vals at each point are given. The so-called conidence band 
of a population (CBP) means that the lexion curve of a 
subject randomly drawn from the population is included in 
the conidence band with a probability of 0.95. Diferences 
between means of diferent inlay sizes were computed using 
the bootstrap method for two analyses of paired comparisons 
[9, 19].
Results
Neutral TKA vs. native knee
Efects of neutrally aligned femoral component in com-
parison with the native knee are shown in Table 1. Under 
passive motion the femoral medial condyle center (FMCC) 
is located more superior at a more abducted tibia in some 
lexion angles in comparison with the native knee. That dif-
ference, however, disappears during a loaded squat. During 
squatting, the TKA knee loses some of its internal tibial 
rotation and the FMCC is positioned slightly more anterior 
and higher especially in deeper lexion.
Internal and external femoral component rotation vs. 
neutrally aligned TKA
Tibial rotation (Fig. 2)
Internal malrotation of the femoral component leads to a 
more internally rotated tibia in almost the complete passive 
range of motion, during the open chain testing and during 
the full range of the squat. External malrotation causes more 
tibial external rotation mostly during squatting but much less 
so in passive motion.
Tibial adduction-abduction (Fig. 3)
With internal malrotation the tibia was found to be more 
abducted when passively lexed > 40° and during the whole 
squat. With external malrotation there were diferences dur-
ing passive motion, but more tibial adduction during the 
whole squat.
FMCC AP translation (Fig. 4)
With internal malrotation the medial condyle is more anteri-
orly located under passive motion. With external malrotation 
it is more posterior under the squat.
Femoral lateral condyle center (FLCC) AP translation
With internal malrotation the lateral condyle is more pos-
teriorly located under passive motion and the squat. With 
external malrotation it is slightly more anterior under the 
passive motion in midlexion.
FMCC IS translation (Fig. 5a)
Internal malrotation elevates the medial femoral condyle 
during passive motion and during the squat. External mal-
rotation of the femoral component has no efect on the IS 
position of the medial condyle.
Fig. 4  Average anteroposterior 
position of the femoral medial 
condyle center (FMCC) with 
respect to the tibia as a function 
of lexion during squatting 
before and after Legion PS 
TKA. AP position is expressed 
as a percentage of the full AP 
width of the tibia to enable 
comparison between specimens 
of diferent sizes
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FLCC IS translation (Fig. 5b)
Internal malrotation lowers the center of the lateral femoral 
condyle during a squat in deep lexion. It is elevated in deep 
lexion with external malrotation.
Discussion
The hypothesis that internal malrotation of the femoral 
component would introduce the most pronounced changes 
to tibiofemoral kinematics has been conirmed (Table 1). But 
also the implantation of a neutrally aligned TKA or external 
malrotation resulted in a number of kinematic changes.
Neutral TKA vs. native knee
Passive motion leads to a more superior located FMCC at a 
more abducted tibia in some lexion angles in comparison 
with the native knee. This may relect the consequences of 
the measured resection technique that was applied when 
templating the PSI cutting jigs and performing the bone cuts. 
The natural tibial varus is corrected to neutral which elevates 
the joint line on the medial side and abducts the tibia and 
slightly elevated the position of the medial femoral condyle.
The medial femoral condyle was found to be located 
more posterior especially with deeper lexion. The ind-
ings comparing kinematics of the native knee with the PS 
TKA implanted in this study correspond well with what 
was expected to be found with this design [30]. Due to the 
engagement of the post-cam mechanisms in deeper lexion, 
femoral roll back is not only found in the lateral but also in 
the medial compartment. That difers from the native knee, 
where you ind rollback laterally while the femoral condyle 
remains relatively stable on the medial side. The rollback 
patterns of the Legion PS used in our study conirm the 
indings made earlier with the Genesis II PS design during 
a lunge activity under luoroscopy [30].
Loss of screw home is expressed as the tibia being more 
externally rotated in midlexion and extension. Loss of inter-
nal rotation following Legion PS was observed under the 
squat and less so under the open chain extension and passive 
motion corresponds with earlier indings using a cruciate 
retaining Genesis II TKA (Smith & Nephew, Memphis, TN, 
USA) [7, 26]. Although experimental setups and the femo-
ral component designs difer, the loss of the screw home 
mechanism remains due to the loss of menisci and cruciate 
ligaments.
Malrotation of femoral component
Internal malrotation leads to the most pronounced kinematic 
changes in all investigated dimensions even during passive 
motion (Table 1), which corresponds with the clinical obser-
vations as laid out in the introduction. External malrotation 
in comparison only provoked very few changes during pas-
sive motion, but more changes became obvious under the 
load of a squat.
Table 1  Signiicantly diferent lexion regions for all motor tasks and femoral component rotations
< 0 means that the parameter is statistically signiicantly smaller compared to the reference situation
Signiicantly diferent lexion regions
Passive (4°–130°) Open chain (23°–63°) Squat (33°–111°)
Neutarl Internal External Neutarl Internal External Neutarl Internal External
Tibial 
external 
rotation
4°–7° (< 0) 4°–12° (< 0)
49°–
104°(<0)
4°–10° (> 0) 59°–63° 
(< 0)
23°–63° 
(< 0)
23°–27° 
(> 0)
32°–63° 
(> 0)
33°–70° 
(> 0)
33°–111° 
(< 0)
33°–111° 
(> 0)
Tibial 
adduction
20°–30° 
(< 0)
40°–92° 
(< 0)
– 38°–63° 
(< 0)
23°–38° 
(< 0)
23°–63° 
(> 0)
– 33°–111° 
(< 0)
33°–111° 
(> 0)
FMCC AP 
translation
24°–37° 
(< 0)
61°–126° 
(> 0)
– – 23°–63° 
(> 0)
– 84°–111° 
(< 0)
– 59°–97° (< 0)
FLCC AP 
translation
– 74°–85° 
(< 0)
46°–70° 
(> 0)
57°–63° 
(< 0)
40°–63° 
(< 0)
49°–63° 
(> 0)
– 33°–49° 
(< 0)
70°–99° 
(< 0)
–
FMCC IS 
translation
4°–22° (> 0)
41°–116° 
(> 0)
23°–50° 
(> 0)
– 61°–122° 
(> 0)
– 30°–58° 
(> 0)
23°–63° 
(> 0)
– – 43°–111° 
(> 0)
–
FLCC IS 
translation
– – – 55°–39° 
(> 0)
55°–63° 
(> 0)
30°–63° 
(> 0)
– 73°–111° 
(< 0)
54°–105° 
(> 0)
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This study using a Legion PS TKA design is comple-
mentary to earlier studies on knee kinematics in cadaver 
rigs using CR TKA designs for evaluation of femoral mal-
rotation [1, 21, 23]. The only other study investigating 
tibiofemoral kinematics by Merican et al. examined neu-
tral rotation and 5° of femoral malrotation in a Genesis 
II CR under simulation of an active knee extension. This 
is diferent from the motor tasks examined in our series. 
The Legion and the Genesis II systems use identical tibial 
trays and inserts, but the design of the femoral components 
difers. The Genesis II femoral component comes with an 
intrinsic 3° of external rotation as introduced through 
asymmetric posterior condyles. The Legion femoral com-
ponent largely reproduces the design of the Genesis II 
especially at the trochlea but comes with symmetric pos-
terior condyles. These diferences have to be kept in mind 
while comparing our data with that of Merican et al. [21].
In analogy the Merican et al., we found that internal 
rotation of the femoral component caused tibial inter-
nal rotation and abduction in lexion. Likewise external 
femoral rotation resulted in tibial external rotation and 
Fig. 5  Average inferior–supe-
rior position of the femoral 
medial condyle center (FMCC) 
(a) and of the femoral lateral 
condyle center (FLCC) (b) with 
respect to the tibia as a function 
of lexion during squatting 
before and after Legion PS 
TKA
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adduction [21]. They did not comment on any of the other 
tibiofemoral kinematic dimensions.
The increased tibial abduction in lexion with internal 
malrotation may explain elevated peak contact forces on the 
medial compartment as described in silico by Chen et al. [6] 
triggered through elevated soft tissue strain.
The AP position of the femoral condyles allows com-
menting on the amount of rollback in both compartments 
and how it is afected by malrotation under the diferent 
motor tasks. As mentioned above, rollback was found in both 
compartments with the neutral component. Internal malro-
tation leads to a paradoxical anterior location of the medial 
femoral condyle, while the lateral condyle was positioned 
more posterior in mid- and deep lexion. External malrota-
tion leads to more rollback in midlexion on both the medial 
and the lateral sides.
Comparison with in silico studies
The comparison between kinematic cadaver studies and 
computer simulations is not straightforward but a closer look 
into the literature should be allowed. This certainly is in the 
light of the complexity of performing component malrota-
tion studies in vitro and the consecutive paucity of data.
Thompson et al. performed a computer simulation of 
an Oxford rig with femoral component malrotation in 5° 
increments up to 15° [27]. Overall, they found that internal 
rotation of the femoral component yielded more undesirable 
results than external rotation of the femoral component. It 
had a greater efect on quadriceps forces, collateral ligament 
forces, and varus/valgus kinematics. Externally rotated fem-
oral components induced a varus alignment throughout lex-
ion, while internally rotated femoral components induced 
a valgus alignment in lexion. The indings were equal for 
both CR and PS designs [27] and correspond very well with 
our indings. They also found medial and lateral posterior 
translation with all tested femoral component rotations in PS 
TKA. This stands in contrast to our in vitro data, where both 
internal and external malrotation changed rollback patterns. 
This could be due to inevitable diferences between numeric 
and cadaveric models, the implant design or the amount of 
malrotation that was applied.
Kessler et al. also looked into tibiofemoral kinematics in 
their computer model. Their indings correspond well with 
ours: internal malrotation leads to more internal rotation and 
abduction of the tibia in lexion, while external malrotation 
leads to more external rotation and adduction of the tibia in 
lexion [17]. This group did not report on translations of the 
femoral condyles.
There are several well-known limitations to cadaver 
studies as described before [11]. Access to cadaver speci-
mens is limited and the numbers used in comparable 
studies usually remain relatively small. The number 
was big enough, however, to ind signiicant diferences 
between testing conditions. It is possible that bigger speci-
men numbers would have turned out even more signiicant 
indings. Cadaver tests can only include a limited range of 
activities such as a squat, but no complex motions such 
as gait could be applied with this setup. Muscle forces 
were simulated in the described setup, but can only be 
an approximation to in vivo function. Another limitation 
of the study is that it is hard to translate the kinematic 
indings into the clinical setup and it can only be guessed 
how the changes would be a potential source of pain or 
malfunction.
The reported approach employs custom-made femo-
ral components with intrinsic ive-degree-malrotation as 
proposed and tested earlier by Whiteside’s group [1, 23]. 
This is a very reliable method to simulate malrotation in a 
reproducible manner with very stable component ixation. 
This way, there was no need to redo anterior, posterior 
and chamfer bone cuts as proposed by others [21], which 
is considered technically challenging and impairs stable 
ixation during testing. The use of PSI allowed for accu-
rate bone cuts in neutral rotation as a reliable basis for the 
custom-made components with intrinsic malrotation. The 
accuracy of the PSI system used especially for femoral 
component rotation has been shown earlier [2, 13, 14].
Conclusion
The greatest diferences to the native tibiofemoral kin-
ematics were introduced by internal rotation of the femoral 
component. With respect to the alterations introduced to 
kinematics, internal malrotation should be avoided when 
performing PS TKA. Also neutrally and externally rotated 
femoral components introduce kinematic changes, but to 
a lesser extent.
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